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Abstract 
The 26 October-23 November 2010, eruption is Merapi’s largest event (VEI 4) over the past 140 years. We tracked and 
identified the 2010 Merapi’s PDC deposits in the most impacted catchment (South) using high-resolution optical (from 
GeoEye and SPOT-5 satellites as well as low altitude photograph) imagery. We show that high-resolution imagery enables 
mapping with unprecedented detail the effects of the 2010 eruption in the summit area and across the most devastated 
catchment on Merapi. We investigated the relationships between the morphology of the river channel, and the apparent 
behavior of the PDCs and lahars, as deduced from over-banking processes. The 2010 pyroclastic deposits cover an area of 
~27 km2 in the Gendol-Opak catchment, i.e. 35% of the total deposit area. We analyze how unconfined PDCs with over-bank 
and veneer facies, as well as two types of surges have mantled widespread areas on both sides of the Gendol valley which 
contain the confined PDC deposits. Geometric and geomorphic characteristics that allow over bank and veneer deposits 
beyond the main valley are: limited cross-sectional areas under 1500 m2 and the decreasing longitudinal rate of channel 
confinement. Subsequent lahars six months after the eruption have devastated several villages along the Gendol River 20 km 
from the summit on the ring plain. Small areas down-valley was affected by over-bank lahars once pyroclastic deposits were 
remobilized 3.8 km farther than the PDC front. The over-bank and avulsed lahars can be attributed to the limited capacity 
(200-250 m2) of river channels and meandering river (sinuosity index of 1.25) across the lowest-angle (<2°) ring plain. Lahars 
now threaten the area of the iconic Prambanan temples and towards the Yogyakarta airport farther down the Opak River. 
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1. Introduction 
Merapi volcano (7°32.5’ S and 110°26.5’ E) is one of Indonesia's most active volcanoes, located in the densely 
populated Province of Yogyakarta in central Java (Fig. 1A). Its flanks and ring plain support a population of more 
than one million inhabitants. About 226,000 people live in the zone prone to pyroclastic flows, pyroclastic surges, 
heavy tephra fallout and lahars (Fig. 1B). At least seventeen of Merapi’s past eruptions including the 2010 have 
caused fatalities. Merapi’s summit (2987 m elevation, prior to the 2010 eruption) is a set of andesitic lava domes. 
The volcano is well known for its block-and-ash flows (BAF), composed of dense blocks in a sandy matrix and 
derived from the collapse of summit lava domes. They are often referred to as the ‘Merapi-type nuées ardentes’ or 
glowing avalanches1. They are a specific type of Pyroclastic density current (PDC), a more general term that 
refers to flowing mixtures of volcanic particles and gas2.   
The ‘100-year’ eruption3 of  2010 included collapse of the summit dome and explosive eruptions, had 
characteristics reminiscent of both the 1930-31 eruption (VEI 3) and the explosive 1872 sub-Plinian eruption 
(VEI 4). Merapi has 13 rivers (Fig. 2) draining lowlands which are prone to lahar, an Indonesian term that refers 
to rapid flows involving a mixture of rock debris and water other than normal stream flow4. Merapi lahars have 
average velocities of 5-7 ms-1 at 1000 m elevation and inundate areas of the extensive ring plain below 600 m 
elevation and as far as 30-40 km from the summit along each of the thirteen rivers5. Each year lahars with 
discharges range between 200 and 2000 m3s-1 are triggered during the rainy season in several rivers which drain 
the W, SW and S flanks.  
Images of Merapi volcano and its ring plain before and after the 2010 crisis were recorded by the high-
resolution optical satellites. We utilized images from the SPOT-5, GeoEye-1, IKONOS and QuickBird sensors in 
this study (Table 1) as well as the low altitude photographs taken on January 2012. These data have enabled us to 
safely study the active volcano using DEM analysis as well as automated segmentation and classification 
analysis. Ground truth was provided through field observations and along with the satellite data; such 
observations assisted in understand eruption dynamics6,7,8,9,10. 
The 2010 Merapi crisis encompassed several episodes of PDCs that occurred at the beginning of the rainy 
season (October-November). Since the eruption, the large volume of BAF deposits have been partly transformed 
in lahars, flooding valleys to the west, SW and south of the volcano; another large part of the BAF deposits have 
been mined for construction materials. Many of the lahars are channel-confined, but over-bank breakouts in down 
slope areas have damaged several villages and continue to threaten additional villages near the channels. We 
found remote sensing extremely useful in assessing such risk. It allowed us to map and evaluate the area covered 
by fresh volcanic deposits, and (2) analyze the effects of PDCs and subsequent downstream lahars on the summit 
and flanks of the volcano. We identified new hazard-prone areas that have resulted from the eruption and 
subsequent lahars. All these would not have been possible without the high-resolution satellite images. 
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Fig. 1. (a) Location of Merapi volcano, the southernmost and youngest volcano of a 165°-trending range of composite 
cones comprising, from N to S: Ungaran, Telomojo, Merbabu and Merapi, and surrounding cities; (b) SPOT-5 image 
of the Merapi-Merbabu area from 10 June 2011, looking NW and draped on an ASTER-GDEM, shows Merbabu and 
Merapi volcanoes. Hazard zones (as re-defined after the 2010 eruption11 and the area impacted in 2010 are outlined. 
The drainage network comprises K. (Kali) Boyong, K. Kuning, K. Opak, K. Gendol and K. Woro. 
2. Data and Methods 
The satellite images used for this study are: (1) two multispectral GeoEye-1 satellite images dated 15 
November 2010 and 04 September 2011, (2) one multispectral QuickBird satellite image dated 15 March 2009, 
(3) three SPOT5 images (10 m) dated 18 May 2008, 15 November 2010 and 10 June 2011, and (4) low altitude 
photographs taken on January 2011. Table 1 summarizes the technical specifications of the images. The 
procedure is based on visual image interpretation and on image processing techniques such as contrast stretching, 
filtering and band-ratio.  Ground truth for our remote sensing interpretations is based on field work and mapping 
we carried out on the south flanks of the Merapi volcano.  
We used a differential GPS survey to establishing ground control points in order to generate digital elevation 
model (DEM) using low altitude photographs. We used four types of Digital Elevation Models (DEMs) in 
combination with optical satellite images and a drainage network map in order to delineate the geomorphic 
features of the study area. These DEMs were derived from the third Shuttle Radar Topography Mission (SRTM3, 
produced by NASA) at 3-arc-second (ca. 90 m) resolution and from the Advanced Spaceborne Thermal Emission 
and Reflection Radiometer (ASTER; contributed by METI and NASA) Global Digital Elevation Model (GDEM) 
version 2 at 1-arc-second (ca. 30 m) resolution.  The other two were generated from digital topographic maps 
(produced by Bakosurtanal, Indonesia) and low altitude photographs. Accuracy of SRTM3 is mainly dependent 
on the altitude itself and the slope angles. In areas around Merapi the SRTM data satisfy a 90% confidence level 
for an elevation up to 1000 m 12. The Merapi TOPO-DEM with 15 m resolution was generated from 12 digital 
topographic quadrangles at 1:25,000 scale and 12.5 m contour intervals produced between 1998 and 2001.  
Digital processing of the images was required to improve their quality and the interpretation of the image data. 
We utilized contrast stretching, filtering and ratios of different bands using ENVI 4.7 software to enhance 
contrasts between features. Band ratio between Near-Infra-red (NIR) and Red Bands and the Normalized 
Difference Vegetation Index (NDVI = (NIR−Red) / (NIR+Red);13) were especially useful in our analysis of 
GeoEye-1 and SPOT images to enhance contrasts between vegetation and deposits, as well as to reduce the 
variation of topographic illumination. Contrast stretching was the most common enhancement we used to 
produce sharper and clearer images. Using this method we expanded the range of digital number (DN) value to 
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the full limits determined by byte size of the digital data. In order to enhance contrasts locally in the spatial 
domain, spatial filtering with a non-directional filter was applied to some images. This technique utilizes the 
distribution of pixels of varying brightness across an image. It is especially good at detecting and sharpening 
boundary discontinuities between adjacent pixels. 
 
Table 1. Technical characteristics of satellite sensor and images used for this study. 
Satellite sensor; 
Provider 
Spectral range Spatial resolution / swath 
width (at nadir) 
Average revisiting time; 
off-track viewing angle 
Acquisition date of the 
imagery used 
GeoEye1; 
Space Imaging 
GeoEye 
 
Panchromatic: 450-900 nm 
 
0.41 m / 15.2 km 
2-3 days 
± 30° 
15-11-2010; 
4-09-2011 
 
B1 (blue): 450-520 nm 1.65 m 
B2 (green): 520-600 nm 1.65 m 
B3 (red): 625-695 nm 1.65 m 
B4 (NIR): 760-900 nm 1.65 m 
QuickBird; 
DigitalGlobe 
 
Panchromatic: 450-900 nm 
 
0.60 m / 18 km 
1 – 3.5 days 
± 30° 15-03-2009 
B1 (blue): 450-520 nm 2.4 m 
B2 (green): 520-600 nm 2.4 m 
B3 (red): 630-690 nm 2.4 m 
B4 (NIR): 760-900 nm 2.4 m 
SPOT-5; 
SPOT Image 
 
Panchromatic: 480-710 nm 
 
2.5 or 5 m / 60 km 
2-3 days 
± 27° 
18-05-2008 ; 
15-11-2010; 
10-06-2011 
B1 (green): 500-590 nm 10 m 
B2 (red): 610-680 nm 10 m 
B3 (NIR): 780-890 nm 10 m 
B4 (SWIR): 1580-1750 nm 
 
20 m 
 
3. Effects and behavior of pyroclastic deposits and lahars of the 2010 eruption 
Remote sensing data combined with seismic monitoring and ground-based observations allows the 2010 
eruption to be divided into 4 phases3: (1) intrusive phase (31 October 2009–26 October 2010); (2) initial 
phreatomagmatic explosive phase (26 October–1 November), (3) magmatic phase (1–7 November) and (4) 
waning phase (8–23 November). In complementary to the breakdown of the eruptive chronology given by3,9 
identify 8 main stages of the 2010 Merapi eruption, consist of: Stage 1) unrest and intrusion (31/10/2009–
26/10/2010); Stage 2) initial phreatomagmatic explosions (26–29/10/10); Stage 3) recurrent rapid dome growth 
and destruction (29/10/2010–04/11/2010); Stage 4) paroxysmal dome explosion and collapse (05/11/2010); Stage 
5) retrogressive summit collapse (05/11/2010); Stage 6) subplinian convective fountain collapse (05/11/2010); 
Stage 7) rapid dome growth with alternating effusive and explosive activity (05–08/11/2010); and Stage 8) 
declining ash venting and degassing (08–23/11/2010).  
Between 26 October and 8 November 2010, the eruptive events all around Merapi caused 367 fatalities, and 
displacement of ~400,000 people for one and a half months14. The 2010 Merapi crisis encompassed several 
episodes of PDCs and its deposits cover an area of ~27 km2 in the Gendol-Opak catchment, i.e. 35% of the total 
deposit area10, have identified a total of 23 PDC events including 5 main channelled flows, 15 overbank flows 
and two main surge events with ~36.3 x 106 m3 of total estimated non-DRE volume. Ash dispersed by the wind 
affected mostly the west part of the volcano. Thick and poorly consolidated pyroclastic deposits covering the 
slopes of Merapi are generating lahars during rainy seasons and endanger people living on and close to river 
banks. The first lahars occurred on 27 October 2010 and were channelled through the Boyong and Kuning Rivers 
draining the south flank15. 
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Fig. 2. SPOT-5 image of the Merapi area from 10 June 2011, showing the distribution of 2010 
deposits and 13 rivers draining lowlands which are prone to lahar. 
3.1. Effect of eruption on the summit area 
The 4 September 2011 GeoEye-1image (Fig. 3A) provides unprecedented detail of Merapi’s summit. We 
compare this image with a 15 March 2009 QuickBird (2.4 m) image (Fig. 3B) and identified four striking 
changes in landforms and structures on the summit produced during the 2010 eruption.  
First, the summit area has been stripped of all vegetation and soil down to an elevation of 1300 m on the SW 
and SE flanks; far beyond the summit lava domes, which were previously bare only above 1800 m elevation prior 
to the eruption. The lava flows on the NE, E, S and SW flanks show a closely-spaced pattern of furrows (e.g. 
across the 1888-1909 and 1900 lavas, Fig. 3A) formed by erosive PDCs descending from the summit area. The 
upper SW and west flanks also show a pattern of closely-spaced but deeper gullies that were scoured in thick ash 
deposits by runoff following the eruption and during the first rainy season.  
Second, the eruption formed a large (380 m E-W x 300 N-S) summit crater that replaced the pre-2010 dome 
area and the former remnant of the 2006 lava dome and removed the 1940 lava flows and part of the 1954, 1956, 
1957, 1992 and 1997 lava flows. The rectangular-shaped crater walls cut deeply (>100 m) into thick lava dome 
lobes and stubby flows erupted in twentieth century.  
Third, the final lava dome that was formed on 6 November 201016 is 200 m in diameter with an area of 0.0234 
km2. It has 15 m-wide central vent (Fig. 3A). The south rim of the 2010 crater coincides with the 1961 crater, 
although the 2010 crater area is 40% larger than the 1961 crater.  
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Fourth, the Gendol Breach17, a major SE trending elongated deep canyon that incises the SE flanks of Merapi 
towards the headwaters of the Gendol River, was significantly lengthened (ca. 1.75 km) and deepened (ca. 250 
m). The Gendol Breach is parallel to a 140ᵒ-trending fracture, and to a SE-trending fault system that transects the 
SW and NE sides of the crater (Fig 3). In addition, a 230ᵒ-trending fracture is parallel to the 1931 and 1961 scars. 
In contrast there is no evidence for any historical structure that would be parallel to the EW-trending fracture. 
The Gendol Breach is an unstable area likely to be enlarged by mass wasting, given that the NE-facing wall, the 
most important of the structure, is composed of loose and hydrothermally-altered material. Moreover, the SE 
portion of the crater wall just above the Gendol River is formed by a prominent slide block, 250 m wide that has 
lowered the crater rim by at least 100 m. The extensive fracturing and loose nature of the vertical crater walls 
engenders frequent rockfalls, landslides and undercutting. 
Fig. 3. (a) 15-03-2009 Quickbird image showing the structure of Merapi summit and distribution of summit lava 
domes and flows before the 2010 eruption; (b) 04-09-2011 GeoEye image showing the impact of the 2010 
eruption in comparison with the image in (a).  
3.2. Apparent behavior of the PDC and lahar overbanks 
The changes in channel capacity, channel geometry and river gradient are critical in terms of hazard 
assessment for people and villages below and near the river banks. We investigate relationships between the 
topography of the Gendol valley, the morphology of the river channel, and the overbanking transfer of PDCs and 
lahars using deposit map, longitudinal profile and the DEM. Factors that favor flow overspill from the river 
channel include: the channel capacity C (wetted section in m2), the longitudinal rate of channel confinement 
(ΔC/Δx in m2/m) and the channel sinuosity (Δθ/Δx in °/m) where X is the travel distance7. Major changes 
occurred at the breaks in slope from the summit cone to the upper fan of PDC deposition upstream of Kaliadem 
(Fig. 2). We have analyzed major change at 10 cross sections (Kh0-Kh9; Fig. 4) at distance of 8 to 11 km from 
summit (near the villages of Kopeng and Kepuharjo), where PDC deposits form large apron of overbank and 
veneer deposits (Fig. 4). The channel in between our Kh0 – Kh3 was partly filled mainly by the 3 November 
2013 Valley-confined PDCs8 which underwent changes in capacity for the 4 November and subsequent 
7 Akhmad Solikhin et al. /  Procedia Earth and Planetary Science  12 ( 2015 )  1 – 10 
eruptions. The Kh3-Kh9 cross-sectional profiles display deposits mainly from 5 November PDCs. The Kh3 
section (cc = 1500 m2) contains overbank and veneer deposits, implying that the critical value of channel capacity 
required for overbank flowage is more than 1500 m2. A clear correlation exists between the channel capacity and 
the width of areas with overbank deposits (Fig. 4C) where any reduction in capacity will lead to wider affected 
areas. The Kh3 section where the PDC deposits expand beyond the valley shows the most negative value of 
Δcc/ΔX (-4.5 m2/m; Fig. 4D) and the highest value of Δθ/ΔX (0.13°/m; Fig. 4E). Kh3 is located at the end of 
both the largest confined channel and most meandering river course. 
Fig. 4. (a) 15-11-2010 GeoEye image of the upper middle course of the Gendol Valley near the village of 
Kepuharjo showing a series of cross sectional profiles Kh0-Kh9; (b) One example of pre-event channel cross 
sections Kh1, Kh3, and Kh8 used to determine the three morphometric indices: (c) channel capacity (cc in 
m2); w, width of affected area (in m); (d) longitudinal change in channel confinement (Δcc/ΔX in m2/m); 
and( e) channel sinuosity (Δθ/ΔX in °/m). See Lube et al (2011) for computing details. 
 
Computation of channel geomorphic parameters is also useful to anticipate lahar overspill: overbank and 
avulsed lahars (e.g. Fig. 11) are preceded by a decrease in channel capacity and the existence of sharp river 
bends. The high number of lahar events (240) occurred during the 2010-2011 rainy season (October 2010-May 
2011 caused 860 houses damaged, 14 sabo-dams and 21 bridges destroyed15. Our study of lahar overbank is 
located in the Ngerdi Village along the Gendol River (Figs. 2 and 5). On 1 May 2011, lahars spilled out from the 
lowermost Kali Gendol with a narrow and winding channel. This lahar reached Ngerdi with approximately 2 m 
deep, buried about 40,000 m2 of crops and damaging 51 houses15.  
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We have analyzed geometric parameters in the affected area in Gendol River along 1,400 m of distance, where 
lahars inundated ~0.16 km2 mostly on the W bank of the river (Fig. 5A). Figure 5B illustrates the pre-event 
valley cross-sectional area against distance from upper Sabo DAM in Bangsan Village (0 m) to down Sabo 
DAM, 100 meter from the confluence of Gendol and Opak Rivers (1380 m) at 20 m spacing. The red box gives 
the mapped extent of the lahar overbank to a distance of 1,210 m. In this area, the channel capacity is always 
smaller than 210 m2. Downstream of 1,300 m, the channel capacity is also below 210 m2, but without lahar 
overbank. This may be due to the energy and volume of lahar that has been decreased. Dykes were built using 
lahars deposits along the riverbank upstream of 450 m in order to protect the villages. Those man-made dykes are 
ineffective, although adding the channel capacity up to 100 m2, but still below the critical channel capacity (210 
m2) of the 1 May 2011 event. The curve cc (Fig. 5B) has a minimum at the distance of 350-450, where the lahar 
avulsion (sudden shift of the river channel) is occurred (Fig 5A). For the channel segment with channel capacities 
cc < 210 m2, the data of longitudinal change in channel confinement, Δcc/ΔX, against the distance (Fig. 5C) are 
smaller than 4 m2/m, and mostly smaller than 1 m2/m, with no significant negative minima. The curve Δθ/ΔX 
(Fig. 5D) has three maxima at the distances of 450 m, 550 m and 700 m, where the channel sinuosity increases 
above 1.25 °/m. High channel sinuosity, and hence potential for flow acceleration in outer bends can lead to lahar 
jump. 
Fig. 5. (a) Low altitude photograph of the Gendol Valley near the village of Ngerdi (19.5 km from Merapi 
summit) showing 1 May 2011 lahar deposits; the three morphometric indices: (b) channel capacity (cc in 
m2); (c) longitudinal change in channel confinement (Δcc/ΔX in m2/m); and( d) channel sinuosity (Δθ/ΔX in 
°/m). 
4. Conclusion 
The 26 October-23 November 2010, eruption is Merapi’s largest event (VEI 4) over the past 140 years. High-
resolution images from GeoEye and SPOT-5 satellites as well as low altitude photograph allowed us to test the 
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capability of remote sensing in mapping with unprecedented detail the effects of the 2010 eruption in the summit 
area and across the most devastated catchment on Merapi. In combination with DEM it allowed us to investigate 
the relationships between the morphology of the river channel, and the apparent behavior of the PDCs and lahars, 
as deduced from over-banking processes.  
Our hazard assessment indicates that: (1) the new, enlarged and deep summit crater is unstable. Rockslides 
may originate from either the steep inward or outward facing rims. Phreatic events currently post threats in the 
crater area. (2) The enlarged summit scar and Gendol Breach acts as a pathway for future flows, and the high, 
steep, fractured and hydrothermally altered walls of the gorge are subject to rock-falls and earthquake-triggered 
landslides. The still voluminous unconsolidated 2010 deposits and the newly exposed hydrothermal materials 
will continue to feed lahars for the foreseeable future. (3) In contrast with the thick PDC fans on the upper slopes, 
which are being colonized by vegetation, lahars are now remobilizing the large amount of sediment that has 
accumulated in the valleys.  In particular, the Gendol River channeled PDC deposits between 8 and 11.5 km 
away from the summit are currently supplying new lahars. (4) PDC hazards related to overbanking processes 
beyond the main valley can be attributed to the limited cross-sectional areas under 1500 m2 and the decreasing 
longitudinal rate of channel confinement. (5) Beyond our study area, the drainage network may convey additional 
lahars until the ash deposit is re-vegetated or reworked, although field evidence to date shows that such 
reworking is at a fast rate. However, mining extractions are already removing a large amount of the gravel to 
sand fractions out of the channel. (6) Over-bank and avulsion of lahars has become the most hazardous process 
along the lowermost rivers such as Kali Putih and the Gendol-Opak drainages. Beside erupting-related factors, 
lahar disasters in 2011 can be attributed to the limited capacity (200-250 m2) of river channels and meandering 
river (sinuosity index of 1.25) across the lowest-angle (<2°) ring plain. (7) Future lahars will travel farther 
downslope from the confluence of Opak and Gendol towards the Prambanan temples and towards the Yogyakarta 
airport. 
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